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More than 320 passes of Viking S-X Doppler data have been used to investigate
columnar content fluctuations in the solar wind from 19 August, 1976 to 28 February,
1977, These data are used to estimate the power spectrum and radial dependence
of solar wind density fluctuations. It is found that: (1) the electron density fluctuations
decline with heliocentric distance as r~1-8 = 0-1; (2) the power spectrum depends on
fluctuation frequency as v=2-> * 0-2. These results are used to predict range change as a
function of time scale and sun-earth-probe angle. Changes of interest for advanced

navigation techniques are found to be likely.

I. Introduction

There is continuing interest in the errors introduced into
radio metric tracking by the solar wind (SW) plasma. In order
to estimate these errors a large amount of Viking S-X Doppler
data measuring the change in electron columnar content has
been analyzed. Because the density fluctuations (DF) are of a
random nature the analysis has been done in terms of the
power spectrum and the changes in spectral amplitude with
heliocentric distance extracted.

A long term goal for the DSN is a predictive model of radio
metric data quality. This analysis is a major first step in
building that model as it provides the large-scale radial and
time variations of the SW plasma. It remains to compare the
residuals from these large-scale models to solar surface and
other SW data to develop the detailed predictive model.

A preliminary report of the present analysis (but with only
half the amount of data) was given in Ref. 1. The major

differences between the findings there are (1) a revision of the
spectral index from -3.0 to -2.5; and (2) a deletion of the
discussion of sunspot cycle effects. It has become clear that a
longer time base of measurements will be needed to discuss
sunspot cycle effects.

The data coverage for this analysis is described in Sec-
tion II. The analysis procedures are outlined in Section III.
Section IV gives the results and discusses the implications for
radio metric data.

Il. Data Coverage

The data coverage for this analysis is shown in Table 1. The
data are given in the groups in which they were averaged to
determine the radial dependence of the power spectrum. The
dates are in the format YYMMDDHH (year, month, day, hour
at beginning of pass). Superior conjunction was taken to be
1976 November 25, 00 hours.
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All of the passes used in this analysis were at least 5 hours
long and contained at least 275 points. Thus, some gaps were
allowed, but none exceeding 1 hour. Most of the data were
I-minute samples, but stretches of 10-second data occur in
some passes. The net average sample spacings ranged from
about 55 to 65 seconds. Individual passes lasted up to 12
hours. Near and after conjunction 10-second and some 1 sec-
ond data were obtained in large amounts. Ten second data
from 8 to 15 December 1976 have been included in this
analysis by averaging the data to 30-second sample times and
then treating the data to give the same spectral resolution as
the 60 second passes. The 10 and 1 second data have been
examined and show that the power spectrum continues
smoothly to higher frequencies.

The coverage of one or both spacecraft is often continuous.
When the doppler data overlap, it is possible to continue the
record by continuing to add the change in columnar content at
each step. Records up to 32 hours (typically 15-20 hours) have
been constructed in this way. The spectra from these longer
records have been averaged in the same way as the results
presented here. These data show that the power spectrum also
continues smoothly to lower frequencies.

Altogether more than 320 passes of S-X Doppler data
(3000 hrs) have been analyzed. These data span *95 days
around superior conjunction and cover the range of heliocen-
tric distances of closest approach of 0.031 to 0.487 AU. Con-
tinuous data records up to 32 hr and sample rates as fast as
1 per sec allow highly reliable estimates of the power spectrum
in the frequency range 1 X 1074 to 2 X 101 Hz.

lll. Data Analysis

In order to investigate the columnar content changes under
a wide range of conditions, it is necessary to have an objective
measure of these changes. The power spectra of the data
provide such a measure. The spectra give the mean squared
fluctuation per unit frequency interval in a range of frequen-
cies. Thus, given the power density at some frequency, P, ;(v),
the expected change in the columnar content on a time scale
t,=1/vis

Al(r)) = (Py(v)*v) 112 M

where for rapidly falling spectra at low frequencies we have
approximated the frequency interval Av (spectral resolution)
by v.

The frequencies over which one can obtain reliable esti-

mates of the spectrum from discretely sampled records of
limited length are 1/4 At > v > 10/T, where At is the sample
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rate, and T is the length of the record. For most of the data
used here 3 X 107% Hz v 4 X 1073 Hz, corresponding to
times scales of 4 minutes ¢, 1 hour. The longer records
produced by tying passes together permit the investigation of
time scales of up to 3 hours, while 10-second data extend the
time scale down to 40 seconds (v~ 2 X 10~2 Hz), and 1-sec
data to 4 sec (v~ 2 X 107! Hz).

For some purposes (near-simultaneous ranging or the error
of making uplink calibrations using a downlink-only measure-
ment) the change of the columnar content on various time
scales is of most interest. In other cases (two-station tracking
or single station tracking of two separated spacecraft) the
change of the SW density on various cale sizes is more impor-
tant. The latter can be obtained from the former if the SW
velocity is known. A typical SW velocity is 350-450 km s~1.
Since our data have no direct measurement of the velocity,
scale sizes inferred using 400 km s™! could be in error by up
to 50 percent since the range of velocities is ~300-700 km s~ !.
The results here are in terms of frequency.

The results below were obtained through the following
steps:

(1) The columnar content change records from each pass
were' autocorrelated to 60 lags (~1 hour). The 10 sec-
ond data were summed to ~30-second intervals and
autocorrelated to 80 lags (~40 minutes).

(2) The cosine transform of the autocorrelation, smoothed
with the Hanning window, was used to give the power
spectrum.

(3) The individual power spectra were averaged in groups
of 5 to 12. The data were grouped by the distance of
the ray path’s closest approach to the sun, Q. The
lowest value of all the averaged points was subtracted
to remove the noise.

(4) The slopes of the averaged spectra were obtained by
hand. A number of estimates were made for each
spectrum to determine the possible range. It is typically
$0.2. Account was taken of the fact that the spectral
estimation program overestimates the power at low
frequencies by a factor of 2 to 4.

None of the data have been corrected for the change in
ionospheric columnar content. This change is generally LS
meters over a pass and so is much less (10 percent) than the
observed changes, except for some passes in August and Sep-
tember. Neglect of this correction is not thought to signifi-



cantly affect any of the final results. Care was taken, especially
for data taken very near the sun, to insure that slipped cycles
were not added to the columnar content change. Apparent
columnar content changes greater than 2m/min were never
allowed and in most cases tighter limits were imposed.

In addition to the power spectrum analysis, the individual
and long records were examined for rms variation about the
mean, peak-to-peak change, maximum rate of change, and
character (slope, single or multiple “humps,” and time scale of
significant change) of the change. The numerical indices are all
closely related to the power spectrum. The character of the
change allows some investigation of changes on longer time
scales than can be done formally with the power spectrum.

IV. Results and Discussion

From the general character of the columnar content
changes, especially those seen on the long (tied) passes, one
can see that the power spectra extend to low enough frequen-
cies to pick up most of the important changes. Occasionally,
there are slopes or “humps” with time scales of 8-12 hours,
but these occur only about once per month. At the fastest
sample rates, the character of the columnar content is very
similar, though of reduced amplitude. Thus, the data from the
power spectra provide a fairly complete and realistic descrip-
tion of the columnar content changes for time scales from 2
seconds to several hours.

The spectral index range for each averaged spectrum is
given in the last column of Table 1. The indices were estimated
by hand on plots of the averaged spectra. The average and
standard deviation of the upper and lower estimates are respec-
tively 8, = 2.63 £ 0.18, 8; = 2.40 £0.16. The value §=25+
0.2 will be adopted for the spectral index of columnar content
fluctuations. It is in good agreement with Ref.2 and 3 and
other recent work on SWDF. Examination of averaged spectra
of data records in which passes were tied together to give total
record lengths of 20-30 hr show that this spectral index is
maintained down to ¥ = 1 X 104 Hz. As discussed above the
spectral estimation program overestimates the power at low
frequencies. This effect is important, (approximately a factor
of 2) at 3 X 10~% Hz for single pass records. Thus, for reliable
results the scaling law v~2-5 should only be applied to P(F2 =
6 X 10-4 Hz) data in Table 1.

Data sampled at once per second and once per 10 sec were
used to investigate the high frequency portion of the spec-
trum. It was found that at the highest frequencies, 1 X 1072
v 2 X 1071, the spectrum flattened somewhat to 2.1 S B
2.3. Below v = 1 X 10~2 Hz the spectral index remained at 8
=~ 2.5. Three sets of 1 sec. data (of 6 obtained) showed

discrete spectral features at frequencies of about 1.5 X 1071
Hz. The periodic (period = 7 sec) disturbances lasted for about
1 hour in each case. The spectral amplitude indicates columnar
content changes of about 9 X 109 cm=2 = 8 X 1074 m(!) of
one-way S-band range change. The explanation of the features
has not been found.

In Fig. 1, the averaged power density 3 X 10~%Hz is plotted
against Q, the distance of the ray path’s closest approach to
the sun. The line through the points has slope 2.6. Note that
the Mariner points generally lie above the Viking points. The
points at large Q may be biased upward by the ionosphere.
These data overestimate the true spectral amplitude by a
factor of 2.

To investigate the radial dependence more quantitatively, a
computer program was used to find the RMS deviation about a
series of models characterized by a radial exponent, ¥ and an
ellipticity €. The ellipticity was included because the solar
corona is known to be reduced near the poles at sunspot cycle
minimum. The model used was

p®

scaled

=P® (Q/0.1 AV)P*2M)(1 + e sin (Lat))®
(2

where Q is the distance of closest approach (column 5 of Table
1) and Lat is the heliographic latitude of the point of closest
approach (column 6 of Table 1). The parameters which pro-
duce the smallest RMS of the scaled spectral estimates about
their average were v = -0.2 £ 0.1 and € = 0.6 *+ 0.6. The data
show no strong preference for any value of €, but do clearly
show that v is less than 0.

A decline of the spectral amplitudes of Q™26 implies (for
an approximately constant radial SW velocity) that SWDF
decline as &n o« r~1-8%0.1 This result is also found in an
analysis of Doppler Noise data (Ref. 3 and 4). It implies that
the relative density changes become larger with radius, (since n
declines at least as fast as r~2), although this conclusion may
be modified somewhat by including the acceleration of the SW
near (r ~ 3 to 30 Ry = 0.015 to 0.15 AU) the sun.

The data in Table 1 are well-summarized by the function

-2.6+0.1
P(,Q) =(4.0 £ 2.0)X 1030 (ElQA—U)

v —2.5%0.2
( 3_X 04 ) cm *Hz ! 3)



where ( is the distance of the ray path’s closest approach to
the sun, and v is the frequency of the fluctuations in the
columnar content, for 1 X 1074 v 1X 1072 Hz, 0.03< Q
£ 0.5 AU. By using Eq. (1), one may easily deduce the rms
change in columnar content from Eq. (3). The result in one-
way meters of S-band range change is

Q _1‘3 T 0'75
AL,y o(r0)=(0.039 £ 0.019) 555 10 sec K

4)

where 7= 1/v is the time scale of changes.

Values of this expression for several values of 7 and Q are
given in Table 2. The distance scales ¢ in Table 2 are obtained
by multiplying 7 by a typical SW velocity of 400 km s™!

The range changes in Table 2 could be significant for
advanced navigation techniques. As the data of Table 1 and
Fig. 1 show, the amplitude of the power spectrum is highly
variable. Values 2 to 3 times those in Table 2 are possible on
occasion (once per week to once per month). Furthermore,
peak-to-peak changes between adjacent samples are = 3A6, ..
Thus, overall changes between data points separated in time or
from ray paths separated in space could be 3 to 10 times the
values in Table 2. At SEP angles of 15° one might expect
differences of 1.0 to 3.7 m on alternate range points separated
by 15 min and of 0.03 to 0.1 m in VLBI data on a single
source.

The differences expected in AVLBI will be ~ /2 greater
than those for VLBI of a single source independent of the
separation of the two sources in the sky because of the small
error between the two ray paths to each source. The error
introduced into alternate ranging could be significant, while
the SW is virtually eliminated as an error source by AVLBI.
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Table 2. Al g (1, Q) in one-way S-band meters.

¢ = 1 x 400 km/sec

(sec) = 3000 1000 100 30 10 3
o(km) = 1276 4*5  4+4 1 ptd 4*3 1.2%3
Q(AU) SEP Al (m)

.05 2.9 6.86 3.01  .535 217 .0952 .0386
.10 5.712.79 1.22 217 .0881 .0386 .0157
.15 8.6 | 1.64 721 .128  .0520 .0228  .0092
200 1151 1.13 496 .0883 .0358 .0157 .0064
25 145 .846 371 .0660 .0268 .0117 .0048
30 17.5| .668 293 .0521 .0211 .0093 .0038
40 236 459 201 .0358 .0145 .0064 .0026
50 30.0] .344 151 .0268 .0109 .0048 .0019
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Fig. 1. Averaged spectral amplitudes




